In the adult mammalian brain, neural stem/progenitor cells (NS/PCs) reside in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) and generate new neurons continuously.[@cit0001] This adult neurogenesis has been observed in all examined mammalian species including human.[@cit0002] Although many subsets of newborn neurons cannot survive as mature neurons at the end of a 4-week period, those cells that do survive functionally integrate into existing neuronal circuits and participate in the process of learning and memory formation.[@cit0004] Adult neurogenesis is responsive to both environmental and endogenous factors, and its levels are altered in pathological conditions such as ischemia, Alzheimer disease and epilepsy.[@cit0001] Among these pathological insults, for example, epileptic seizures induce aberrant hippocampal neurogenesis, including increased proliferation of NS/PCs, production of ectopic granule cells, and persistence of hilar basal dendrites on adult-generated granule neurons.[@cit0005] Therefore, regulating endogenous neurogenesis is a potential strategy for therapeutic treatment of neurological disorders such as epilepsy.

Regulation of Neurogenesis by Toll-Like Receptors {#s0002}
=================================================

Toll-like receptors (TLRs) are well known as innate immune receptors that recognize conserved pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS), flagellin, peptidoglycan and nucleic acid of bacteria, viruses, yeast, fungi and parasites.[@cit0008] The activation of TLR signaling in immune cells including macrophages and microglia induces production of pro-inflammatory factors and contributes to the clearance of pathogens. At least 13 TLR genes exist in mammals, and each TLR recognizes distinct ligands. TLRs 1--9 exist in both mice and humans, whereas TLRs 10--13 exist only in mice. The association of TLRs with their cognate ligands triggers the activation of the transcription factor nuclear factor κB (NF-κB), culminating in the production of pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6).[@cit0008] Inflammation caused by LPS (a TLR4 ligand) reportedly inhibits neurogenesis in the adult rat hippocampus via the induction of pro-inflammatory cytokines.[@cit0009] Moreover, administration of Poly I:C (a TLR3 ligand) during pregnancy reduces cortical neurogenesis in fetal mice.[@cit0011] The finding that inflammation induced by TLR activation impairs neurogenesis represented a great contribution to research related to regulation of neurogenesis by innate immune receptors. Since recent studies have shown that activated TLR signaling induces pro-inflammatory cytokines in pathological conditions such as ischemia, Alzheimer disease and multiple sclerosis, even in the absence of any pathogen,[@cit0012] these studies have raised new questions: What are the endogenous ligands for the activation of TLR signaling and what types of cells produce these ligands?.

Under physiological conditions, TLR2 and TLR4, both of which are expressed in adult NS/PCs, have been implicated in differentiation and proliferation of NS/PCs, respectively.[@cit0014] TLR4 deficiency increases NS/PC proliferation in the hippocampus of adult mice.[@cit0014] ([**Fig. 1A**](#f0001){ref-type="fig"}) Although TLR2 deficiency does not alter proliferation of NS/PCs in the adult hippocampus, it reduces neuronal differentiation and promotes astrocytic differentiation of NS/PCs.[@cit0014] ([**Fig. 1A**](#f0001){ref-type="fig"}) TLR3 deficiency enhances the proliferative capacity of embryonic but not adult NS/PCs, probably because TLR3 expression gradually reduces during development.[@cit0015] ([**Fig. 1A**](#f0001){ref-type="fig"}) However, it remains unclear what the endogenous ligands are and how the activated TLR signaling regulate the behavior of NS/PCs in the absence of pathogen. Figure 1.Schematic models showing the regulation of neurogenesis by TLR-related factors. Under physiological conditions (**A**), microglia engulf apoptotic cells in the course of neuronal differentiation/maturation of NS/PCs to maintain homeostatic neurogenesis.[@cit0004] TLR4 but not TLR2 and TLR3 deficiency in NS/PCs enhances their proliferation in the adult hippocampus.[@cit0014] While TLR2 deficiency reduces neuronal differentiation of NS/PCs, TLR4 deficiency increases it.[@cit0014] In the epileptic condition (**B**), self-DNAs derived from degenerating neurons activate microglia through TLR9, resulting in the release of TNF-α to inhibit aberrant NS/PC proliferation and neurogenesis as shown in our study.[@cit0016] TLR function in NS/PCs is still poorly understood in pathological conditions including epilepsy.

To elucidate the functions of other TLRs in the behavior of NS/PCs, we investigated whether TLR7 and TLR9 modulate neurogenesis under physiological conditions.[@cit0016] BrdU tracing of proliferating NS/PCs in the hippocampus revealed no significant difference among wild type (WT), TLR7-knockout (KO) and TLR9-KO mice,[@cit0016] probably due to the absence of endogenous ligands for TLR7 and TLR9 signaling under normal conditions. Although TLR7 and TLR9 were initially identified as receptors that recognize microbial RNA and DNA, respectively, recent studies have suggested that they can also sense self-RNA and -DNA derived from dying or degenerating cells as damage-associated molecular patterns (DAMPs).[@cit0017] We therefore asked whether TLR7 and TLR9 signaling activated by DAMPs affects neurogenesis in the hippocampus. Since we had previously shown that convulsive seizure causes neuronal degeneration in the DG,[@cit0006] we examined the effects of TLR7 and TLR9 deficiency on hippocampal neurogenesis after convulsive seizure induced by kainic acid (KA), a potent central nervous system excitant. Injection of KA into WT, TLR7-KO and TLR9-KO mice revealed that TLR9 but not TLR7 deficiency exacerbated aberrant neurogenesis compared to WT mice after seizure,[@cit0016] indicating that TLR9 attenuates seizure-induced aberrant neurogenesis in normal mice. Furthermore, in vitro analysis revealed that KA-treated degenerating neurons release self-DNA, thereby activating TLR9 signaling in microglia.[@cit0016] ([**Fig. 1B**](#f0001){ref-type="fig"}) These results are in accordance with previous studies that activated TLR signaling inhibits neurogenesis, and, more importantly, provide a new insight for the regulation of homeostatic neurogenesis by endogenous ligand-activated TLR9 signaling in the absence of pathogen.

TLR-Expressing Microglia and Neurogenesis {#s0003}
=========================================

Microglia are the nerve tissue\'s resident immune cells and are widely distributed in the adult brain and spinal cord.[@cit0019] The primary function of microglia is to phagocytose dying cells and cellular debris without producing inflammation.[@cit0019] Phagocytosis of dying cells during brain development, neurodegenerative diseases and senescence is essential for the maintenance of tissue homeostasis throughout the organism\'s lifespan. A recent study has shown that microglia extend their processes to NS/PCs in the adult hippocampus and clear apoptotic newborn cells generated from NS/PCs by phagocytosis.[@cit0004] ([**Fig. 1A**](#f0001){ref-type="fig"}). This finding highlights the importance of adequate and appropriate microglial function under physiological conditions for the maintenance of homeostatic neurogenesis. In contrast to physiological conditions, activated microglia produce a variety of pro-inflammatory factors in response to pathological insults such as traumatic brain injury, stroke, infection and seizure.[@cit0020] It has been shown that various inflammatory cytokines are released from microglia after seizure, and this is considered to exacerbate epileptic pathology.[@cit0024]

In our study, we found that the expression of TLR9 is high in microglia but not in other cell types in the CNS, including NS/PCs.[@cit0016] Moreover, TLR9-expressing microglia are in close proximity to NS/PCs in the adult hippocampus under both KA-treated and -untreated conditions.[@cit0016] Therefore, we hypothesized that TLR9 mediates niche-resident microglial activation and reduces seizure-induced aberrant neurogenesis probably through the production of cytokines by activated microglia.

The first studies suggesting an acute detrimental role of activated microglia in neurogenesis were performed in rats following intraparenchymal LPS injections.[@cit0009] LPS-induced microglial activation occurred through TLR4 signaling and dramatically decreased the survival of new-born neurons in the adult hippocampus.[@cit0009] In addition, the reduced neurogenesis in response to LPS could be rescued by attenuation of microglial activation through the administration of minocycline, a well-known inhibitor of microglial activation.[@cit0026] In these pioneering studies, pro-inflammatory cytokines like IL-1β, IL-6 and TNF-α, produced acutely by activated microglia, were proposed to inhibit adult neurogenesis in the hippocampus. In this relation, TLR9-KO mice showed a reduction of sustained microglial activation and TNF-α production in the hippocampus after seizure compared to WT mice.[@cit0016] No significant change was observed in the mRNA expression levels of other TLRs, including TLR2, TLR3 and TLR4, in the DG between WT and TLR9-KO mice (unpublished data), suggesting that other TLRs do not contribute to this reduction of sustained microglial activation and TNF-α production in TLR9-KO mice after seizure. Thus, although all TLRs can regulate microglial activation, our study revealed that TLR9 is essential for the maintenance of sustained microglial activation through the recognition of self-DNA released from degenerating neurons. We also revealed that inhibiting microglial activation by minocycline or inhibiting *Tnf-*α expression by thalidomide in WT mice exacerbated seizure-induced aberrant 0neurogenesis, indicating that activated TLR9 signaling in microglia upregulates *Tnf-*α expression, resulting in an attenuation of aberrant neurogenesis induced by seizure.[@cit0016] ([**Fig. 1B**](#f0001){ref-type="fig"}). However, we cannot exclude the possibility that TLR9 expressed in NS/PCs also affects the behavior of NS/PCs after seizure, although the expression level of TLR9 in NS/PCs is extremely low compared to that in microglia.[@cit0016] To address this issue will require further studies using NS/PC-specific KO mice.

While we and others have revealed that activated microglia have a negative effect on neurogenesis,[@cit0016] the opposite function for these cells has been also reported.[@cit0029] Indeed, activated microglia can be divided into 2 distinct subtypes:[@cit0019] the classical M1 state (characterized by the expression of pro-inflammatory factors such as TNF-α, IL-6 and iNOS) and the alternative M2 state (characterized by the expression of anti-inflammatory factors such as CD206, IL10 and arginase-1). Therefore, it is conceivable that each type of activated microglia contributes differently to regulate neurogenesis by producing different factors. In our study, seizure-induced aberrant neurogenesis in WT mice was exacerbated by minocycline, which selectively inhibits M1 microglia-related gene expression.[@cit0031] Thus, it is likely that M1 microglia play a role in the attenuation of seizure-induced aberrant neurogenesis. In the animal model of spinal cord injury (SCI),[@cit0032] increased numbers of iNOS-expressing M1 microglia and macrophages were observed in association with tissue damage.[@cit0033] Resident microglia and peripheral macrophages rapidly mobilize to the injured site and begin to release pro-inflammatory factors for the recruitment of other immune cells.[@cit0034] Although an increasing number of studies indicate that microglia and macrophages are highly plastic cells that can engage different functional programs in response to specific microenvironmental signals,[@cit0020] both of these cells express inflammatory cytokines such as TNF-α at injured sites.[@cit0033] This inflammation further induces neuronal cell death, thus exacerbating pathology in spinal cord injury.[@cit0035] In light of these observations, we might expect that M1 microglia (and possibly M1 macrophages) in the injured spinal cord would interfere with the behavior of transplanted NS/PCs by producing inflammatory cytokines. For more than a decade, NS/PCs have been an attractive and promising cell source for treatments of SCI, because they have the potential to differentiate into neurons that can replace lost neurons to regenerate disrupted neuronal circuits at lesion sites.[@cit0036] Since our work has suggested that neurogenesis is suppressed by M1 microglia,[@cit0016] it is tempting to speculate that over-activation of M1 microglia would also reduce neurogenesis in NS/PCs transplanted into the injured spinal cord. Therefore, a combination of NS/PC transplantation and pharmacological inhibition of M1 microglia by means of a drug such as minocycline would be worthwhile to examine whether such combinatorial treatment might enhance neuronal differentiation of transplanted NS/PCs at the injured spinal cord, resulting in improved functional recovery.

Aberrant Neurogenesis and Recurrent Seizure Activity {#s0004}
====================================================

Approximately 50 million people worldwide suffer from different epilepsies, and 20--40% of epileptic patients still have poorly controlled seizures despite therapy.[@cit0041] Temporal lobe epilepsy (TLE) is the most common type of epilepsy in adults and is often intractable. The long-term morbidity of TLE patients includes an increased incidence of depression and memory deficits.[@cit0042] Therefore, progress in the study of TLE is essential for developing better therapies. We and others have used mouse or rat models to show that seizure induces augmentation of aberrant neurogenesis in the adult hippocampus.[@cit0005] This aberrant neurogenesis incurs cognitive decline, whereas pharmacological modulation of seizure-induced aberrant neurogenesis, by valproic acid or endoneuraminidase, restored hippocampal-dependent memory function.[@cit0006] However, it is unclear how animals withstand aberrant neurogenesis to maintain brain integrity. Moreover, it remains elusive whether neurons aberrantly generated in response to seizure indeed play a critical role in the development of epilepsy, although aberrant neurogenesis in the hilus after febrile seizure at postnatal stage has been suggested to contribute to epileptogenesis.[@cit0045] In our work, we revealed that the loss of TLR9 enhances seizure-induced aberrant neurogenesis, resulting in the aggravation of cognitive decline and of recurrent seizure severity, indicating that TLR9 signaling normally ameliorates cognitive decline and recurrent seizure severity.[@cit0016] Consistent with this finding, another group also showed that ablation of aberrant neurogenesis suppresses cognitive decline and chronic seizure frequency for nearly one year,[@cit0046] suggesting that controlling seizure-induced aberrant neurogenesis can effectively reduce recurrent seizure as well as memory deficits. We believe that these new revelations offer an excellent framework for the discovery of new drugs to inhibit epileptogenesis in patients for whom treatment with existing anti-epileptic drugs provides inadequate control of seizure.

Concluding Remarks {#s0005}
==================

Our recent work has provided new evidence that activation of TLR9 signaling in microglia by self-DNA derived from degenerating neurons induces the production of TNF-α to suppress aberrant neurogenesis, reducing cognitive decline after seizure and recurrent seizure severity.[@cit0016] This indicates clearly the existence of bidirectional communication between the innate immune and nervous systems for homeostatic neurogenesis in the adult hippocampus. As well as in epileptic conditions, increasing evidence suggests that endogenous molecules activate microglia under pathological conditions such as ischemia, Alzheimer disease and aging.[@cit0047] In association with the behavioral change of microglia, abnormal neurogenesis is observed in these pathological conditions, implying that activated microglia have a powerful impact on abnormal neurogenesis.[@cit0001] As shown in the epileptic condition,[@cit0016] we believe that future challenges include elucidating the machinery by which TLR-expressing microglia regulate abnormal neurogenesis in other pathological conditions (e.g., ischemia, Alzheimer disease and aging), and we await with great interest the identification of endogenous ligands and subsequent development of therapeutic applications for neurological disease.
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